Separation of organic liquid mixture by flexible nanofibrous membranes with precisely tunable wettability
INTRODUCTION
Liquid mixtures of solvents or reactants are ubiquitously applied in processes in the petrochemical, textile printing, food and medical industries. These complex liquid mixtures often must be separated after reaction for the purpose of product purification, resource recycling or harmless discharge. 1 Traditional liquid separation methods such as distillation and separation have exposed many drawbacks, including high-energy consumption, low flux and low efficiency, that dramatically increase the separation time and cost. 2 Therefore, challenges remain for the development of separation processes of organic liquid mixtures that are efficient, allow high throughput and conserve energy. Among various separation approaches, the membrane separation technique has been extensively proven as a high throughput and energy-efficient choice. [3] [4] [5] Over the past decade, various membranes with special wettability properties have been successfully prepared and have exhibited excellent performance in oil/water separation. The mechanisms of membrane separation are based on exact opposite wettabilities toward oil and water, including superhydrophobic/superoleophilic membranes 3,5-8 or superhydrophilic/superoleophobic membranes. [9] [10] [11] [12] [13] [14] [15] For example, superhydrophobic/oleophilic membranes have been prepared from various materials, including metals, polymers or even clothes and filter papers, that could intercept water and allow oil to pass through. [16] [17] [18] [19] [20] In addition, researchers have gained inspiration from oil-contaminantfree fish skin to fabricate oil-repellent hydrogel membranes that could separate oil from water. 21, 22 Although significant progress has been achieved for membrane-based oil/water separation in the last few years, development of separation membranes for organic liquids is still highly limited because organic liquids usually possess a relatively lower surface tension than water. The difficulty in separation of organic liquid mixtures has increased because it is more difficult to build a superoleophobic [23] [24] [25] [26] [27] [28] [29] material than a superhydrophobic material. We recently proposed an oleophobicity-tunable TiO 2 nanofibrous membrane prepared by electrospinning, calcination and a subsequent chemical modification method that achieved immiscible organic liquids separation. 30 However, the multistep fabrication process, complex types of silanes and intrinsic brittleness of the inorganic materials largely restrict its practicability. Therefore, further investigations are required to prepare a flexible and easily obtained membrane for use in immiscible organic liquids separation. In this work, we report a flexible polymeric nanofibrous membrane with good tunable oleophobicity that is able to separate an immiscible organic liquid mixture in a highly efficient manner. The advantage of this method is that the wettability of the membrane can be simply but precisely tuned according to the surface tension of the liquids, which are to be separated from each other. This approach offers a general solution for separation of multiphase organic liquid mixtures and is promising for extensive industrial and environmental domains.
MATERIALS AND METHODS Materials
PVDF-HFP (poly(vinylidene fluoride-co-hexafluoropropylene), Mw = 400 000, Sigma-Aldrich, Milwaukee, WI, USA), PFDTMS (1H, 1H, 2H, 2H-perfluorodecyltrimethoxysilane, TCI), acetone and N, N-dimethylacetamide (A.R., Beijing Chemical Works, Beijing, China).
Fabrication of PVDF-HFP/PFDTMS composite membranes
The PVDF-HFP/PFDTMS membranes were fabricated by co-dissolving PVDF-HFP and PFDTMS in a mixture of acetone and N, N-dimethylacetamide (DMAc) (7:3 w/w) to form a homogeneous and transparent solution with 15 wt% PVDF-HFP. The weight ratios of PVDF-HFP to PFDTMS were adjusted to 30:1 (M-30/1), 15:1 (M-15/1), 10:1 (M-10/1) and 5:1 (M-5/1). The solution was electrospun under a working voltage of 18 kV and at a receiving distance of 20 cm. The as-fabricated membranes could be peeled from the aluminum foil substrates, and thus PVDF-HFP/PFDTMS composite separation membranes were obtained.
Liquid mixture separation experiments
The membrane was fixed via flange equipment. A glass tube with an inner diameter of 37 mm was connected on the top of the flange equipment. The organic liquid mixture was poured onto the PVDF-HFP/PFDTMS membrane, and the liquid with the lower surface tension permeated through the membrane spontaneously.
Instruments and characterization
Field emission scanning electron microscope (FE-SEM) images were collected using a JSM-7500F instrument, JEOL, Japan. The contact angle (CA) values were obtained on an OCA20 instrument (Data-Physics, Stuttgart, Germany) at room temperature. The CAs were measured in at least six different locations with a sample volume of 2 μl to calculate the average value. The separation process videos were recorded on a Canon-500D digital camera (Canon, Tokyo, Japan). The mechanical properties were investigated on a tensile tester (Shimadzu, AGS-X 1KN, Kyoto, Japan) with a stretching rate of 10 mm min − 1 and maximum load of 100 N at room temperature. The width of each membrane was 10 mm with a length of 10 mm. The Fourier transform infrared spectra were analyzed on a microscope infrared spectrometer (Nicolet, iN10MX, Madison, WI, USA) and Fourier transform infrared spectrometer (Spectrum GX, PE, Waltham, MA, USA). The ultraviolet absorptions were tested on a UV-Vis-NIR spectrophotometer (Shimadzu, UV-3600) manufactured in Japan.
RESULTS AND DISCUSSION
The nanofibrous separation membrane was fabricated using the commercially available fluoro-containing polymer poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) 31 via a simple electrospinning method [32] [33] [34] [35] in which 1H, 1H, 2H, 2H-perfluorodecyltrimethoxysilane (PFDTMS) was doped as a regulator for tuning of the oleophobicity of the membrane. Figure 1 demonstrates the fabrication and separation process of the membrane. PVDF-HFP and PFDTMS were co-dissolved in N, N-dimethylacetamide (DMAc) and acetone to form a homogeneous solution and subsequently electrospun into a nanofibrous membrane. For a certain organic liquid mixture, the surface free energy of such a membrane could be facilely controlled to repel one organic liquid and become wetted by another liquid via tuning of the content of PFDTMS. In other words, this membrane allows pass-through of a relatively low surface tension wettable liquid and intercepts another high surface tension non-wettable liquid such that an organic liquid mixture could be separated. In this work, PVDF-HFP is used as a matrix for the Figure 1 Schematic illustration of PVDF-HFP/PFDTMS nanofibrous separation membrane preparation. PVDF-HFP and PFDTMS are co-dissolved and electrospun into a nanofibrous membrane. The surface energy of the membrane is tuned by controlling the doping content of PFDTMS. If a membrane has a moderate surface energy that falls between the surface tensions of the two organic liquid phases, the higher surface tension liquid is intercepted by the membrane and the lower surface tension liquid passes through the membrane spontaneously to achieve separation.
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L Hou et al membrane due to its superior performance in terms of solvent resistance, chemical stability and mechanical properties. It is worth noting that PVDF-HFP itself is an intrinsic relatively low surface energy material with excellent hydrophobicity that can be electrospun into a superhydrophobic nanofibrous membrane with a water CA of 139.9 ± 0.6°, but it is simultaneously superoleophilic for most organic liquids (Supplementary Figure S1) . Such a superhydrophobic/ superoleophilic membrane could be used in oil/water separation (Supplementary Video 1 and Supplementary Figure S2) , as previous works have demonstrated. 3, 12, 18 However, this membrane could not be applied to separate low surface tension organic liquid mixtures (Supplementary Video 2), which means that the surface energy of pure PVDF-HFP is lower than that of water but higher than that of most of organic liquids. Therefore, to separate low surface tension organic liquids, it is necessary to further decrease the surface energy of the membrane to a suitable range that falls exactly in between the surface tension of the two organic liquids. In other words, such a membrane should be wettable for one liquid and non-wettable for another. On the basis of this principle, the membrane should exhibit a distinguishing effect that permits the wettable liquid to pass through and blocks another non-wettable liquid. The difficulty in achieving this goal lies in the fact that the surface tension differences between organic liquids are usually quite small, which presents a great challenge for material design. In this work, we show that PFDTMS, a long-chain silane with eight perfluoro carbons, can be used as a surface energy regulator of the PVDF-HFP membrane by simply controlling the doping content. Figure 2 shows the morphology of PFDTMS-doped PVDF-HFP nanofibrous membranes. In this work, pure PVDF-HFP membrane and four PVDF-HFP/PFDTMS composite membranes were fabricated using different weight ratios between the PVDF-HFP and the PFDTMS of 30:1, 15:1, 10:1 and 5:1 (denoted as M-30/1, M-15/1, M-10/1 and M-5/1, respectively). The diameters of the pure PVDF-HFP fibers are in the range of 120-540 nm, with an average diameter of 299 ± 7 nm. The average diameters of the four fibers from M-30/1 to M-5/1 are 517 ± 11 nm, 402 ± 11 nm, 538 ± 8 nm and 547 ± 10 nm, respectively (Figures 2a-f) . The nanofibers interweave to form a dense porous membrane, and no defects such as pores or wrinkles are observed on the nanofibers under higher magnification, as shown in the inset of Figures 2b-f. Fourier transform infrared spectroscopy (Supplementary Figure S3) confirms that the PFDTMS was successfully doped into the composite fiber membranes. A slight red shift is observed in the PVDF-HFP/PFDTMS infrared spectra in contrast with that of the pure PVDF-HFP membrane due to the electron-donating methyl groups contained in PFDTMS. These results demonstrate that neither the size nor the structure of the nanofibers have significantly changed after introducing PFDTMS into PVDF-HFP. The PFDTMS possesses a lower surface energy than PVDF-HFP; consequently, it could serve as a surface energy regulator for the PVDF-HFP matrix by tuning its content. We note that the PFDTMS superlyophilicity to a liquid with a surface tension that was lower than n-hexadecane. Similar trends in liquid CA changes were also observed on M-15/1, M-10/1 and M-5/1, as shown in Figure 3a . The wetting liquids spread and permeate the membrane quickly, whereas the non-wetting liquids are retained above the membrane. On the basis of the obvious wetting difference, wetting liquids and non-wetting liquids are separated by the membrane. For one given liquid, the CA values on the four different membranes increased gradually from M-30/1 to M-5/1. A specified liquid might show different wetting behaviors on the four types of membranes due to the sequential decrease in surface energy caused by the increasing PFDTMS content. As illustrated in Figure 3b ). These results demonstrate that M-5/1 presents excellent repellency toward a wider range of organic liquids. To further prove the relationship between the proportion of PFDTMS and the liquid-repellent properties, the silicon element content was determined as a reference to calculate the fluorine element content via energy dispersive spectroscopy (Supplementary Figure S4) . The results demonstrate the increasing silicon content from M-30/1 to M-5/1, which is in accordance with the distribution trend in our experimental design. The results show that two liquids with a certain difference in surface tension can exhibit opposite wetting performances on a certain nanofibrous membrane of appropriate surface energy, and a liquid mixture with wetting differences could be separated by that membrane. As mentioned previously, the PVDF-HFP electrospun membrane displays the superhydrophobic property itself and can be used in oil/water separation but not for separation of low surface tension organic liquid mixtures. As shown in Figures 4a and  b , when we poured an oil mixture of propylene glycol (36.0 mN m − 1 , colorless) and CCl 4 (26.9 mN m − 1 , red) on the pure PVDF-HFP membrane, these two liquids passed through the PVDF-HFP membrane spontaneously. As a comparison, CCl 4 could easily pass through M-10/1, whereas propylene glycol was completely intercepted on the membrane. In other words, the low surface tension organic liquids of propylene glycol and CCl 4 could be successfully separated by M-10/1 (Supplementary Video 2) . This result demonstrates that controllable separation of organic liquid mixtures can be feasibly achieved by regulating the membrane surface energy. Several examples of separation processes and the results of organic liquid mixtures tested on our PFDTMS-doped PVDF-HFP membranes are shown in Figures 4c-h . The mixture of formamide (blue) and CCl 4 (red) could be separated by M-15/1 (Figures 4c-d) . In this case, the CCl 4 with lower surface tension penetrated the membrane immediately while non-wetting formamide was intercepted on the membrane (Supplementary Video 3) . The separation process via M-10/1 for a mixture of wetting dimethylbenzene with lower density (red) and non-wetting ethylene glycol (green) is shown in Figures 4e-f . Figures 4g-h shows the separation result of wetting petroleum ether (colorless) and non-wetting propylene glycol (rose pink). The above cases offer a few examples of separation, but in fact, a wide range of separations is possible for the membrane with tunable lyophobicity.
A schematic representation of the selective separation mechanism is illustrated in Figures 5a and b . When a wettable liquid contacts the membrane, it spreads instantly on the membrane under the action of the capillary force. The wetting liquid permeates the film spontaneously. In contrast, the lyophobic membrane creates a repellency force on the non-wettable liquid, and the non-wettable liquid is blocked by the membrane unless the gravity pressure (P breakthrough ) is greater than the repellency force. 39 For a membrane composed of nanofibers, R is the fiber radius, and 2D is the space between two adjacent fibers. The breakthrough pressure of a non-wetting liquid required to pass through a membrane completely where γ 12 represents the interfacial tension between the permeable liquid and the impermeable liquid, and θ′ is the CA of the non-wetting liquid on the membrane surface. The non-wetting liquid will not penetrate the membranes unless the liquid pressure P liquid 4P breakthrough . On the basis of this principle, the wetting liquid and non-wetting liquid can be separated on our membranes under the condition of P liquid oP breakthrough . In addition, the separation efficiency is another important factor that must be considered for a separation membrane and can be calculated by equation (2):
where V c and V e are the collected and evaporated volumes of the wetting liquid after separation and in the process of separation, and V o is the original wetting liquid volume before separation. Taking the M-15/1 membrane for example, the separation efficiency results with mixtures of formamide versus other liquids that could be separated are presented in Figure 5c . The separation efficiencies of M-15/1 for mixtures of formamide and n-hexane, petroleum ether, ether, CCl 4 , dimethylbenzene are 98.0 ± 0.5%, 97.8 ± 0.5%, 97.8 ± 0.5%, 98.5 ± 0.2% and 97.9 ± 0.6%, respectively. Compared with brittle inorganic oxide membranes, 40 a notable advantage of such a polymeric membrane is that it possesses good flexibility and high strength for practical applications. The stress value of M-15/1 reaches as high as 5.41 MPa (Supplementary Figure S10) , suggesting the excellent robustness of the membranes. The good flexibility, high mechanical property and good chemical durability (Supplementary Figure S5-S9 ) ensure the suitability of these membranes for large-area applicability and promising recyclability in mixed organic liquids separation. For example, even after recycling separation of formamide and CCl 4 for more than 30 repetitions, the M-15/1 membrane still exhibited good chemical and structural durability with a separation efficiency of greater than 98.5%, as shown in Figure 5d . The separable liquid couples of four membranes are summarized as tables (Table 1 and Supplementary Table S1-S3) . For example, a portion of the separation results via the four membranes for non-permeable liquids versus other permeable liquids are shown in the simplified Table 1 (additional separation results are collected in  Supplementary Table S1-S3) . In this work, the fluorine content is the key factor that can enhance the membrane lyophobicity. The ladder-shaped separation results were observed separated results of the ladder shape were shown because of the decreasing tendency of the membrane surface energy from left to right as the fluorine content increases. In addition, the as-prepared membranes can also be applied in oil/water separation (Supplementary Table S4 ). 
CONCLUSION
In summary, we have proposed a simple and effective approach for fabrication of PFDTMS-doped PVDF-HFP composite nanofibrous membranes with easily tunable wettability that can separate various organic liquids with a small surface tension difference in a highly efficient manner. The membranes show good flexibility and excellent mechanical performance, which give them excellent recycling applicability for real and complex industry domains. Although only four types of membranes were prepared in the current work, the facile and programmable design can create additional membranes with subdivided surface energies according to actual separation requirements. This strategy will make a significant contribution to addressing multiphase organic liquid and chemical products separation, oil spill accidents and other environmental problems. Separation of organic liquid mixture L Hou et al
